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Barmah Forest virus (BFV) is an atypical alphavirus [Dalgarno, L., Short, N. J., Hardy, C. M., Bell, J. R., Strauss, J. H., and
Marshall, I. D. (1984). Virology 133, 416–426] and has been classified as the sole known member of a seventh alphavirus
serocomplex. The complete nucleotide sequence of BFV genomic RNA is 11,488 nucleotides in length excluding the poly(A)
tail. Two long open reading frames in the RNA encode a nonstructural polyprotein of 2411 amino acids and a structural
polyprotein of 1239 amino acids, respectively. The BFV envelope protein E2 is unique among sequenced alphaviruses in
having no N-linked glycosylation sites; E1 carries two glycosylation sites. From amino acid sequence comparisons with
sequenced alphaviruses BFV is most closely related to Ross River and Semliki Forest viruses. Sequence homology between
BFV and other alphaviruses is relatively uniform along the length of the nonstructural and structural polyproteins, providing
no evidence that BFV has arisen from recombination between ancestral alphaviruses in the coding region of the genome.
The BFV 3* noncoding region of 445 nucleotides has unusual features. There are two unrelated sequence blocks of 48
nucleotides (sequence I) and 47 nucleotides (sequence II) both of which are repeated once. Sequence I is closely related
to a repeat in the 3* noncoding region of Ross River and Getah viruses; sequence II is unrelated to repeat blocks in other
sequenced alphaviruses. Thus, recombination between ancestral viruses may have played a role in the evolution of the
BFV 3* noncoding region. q 1997 Academic Press
Barmah Forest virus (BFV) was isolated in 1974 from reaction with SIN antibody, weakly with some other
alphaviruses, but also with Umbre virus, a bunyavirusa pool of Culex annulirostris mosquitoes at Barmah For-
(2). Monoclonal antibodies against the SFV nucleocapsidest in the Murray River valley, southeastern Australia (1).
protein cross-react to various degrees with alphavirusesThe structure of the BFV virion, its mode of replication,
belonging to the SFV, Western equine encephalitisand the macromolecular species present in infected cells
(WEE), and Eastern equine encephalitis (EEE) complexesindicate that BFV is an alphavirus (2). However, BFV has
and with Middelburg and Ndumu viruses; these antibod-a number of properties which are not found in other
ies do not react with BFV (BH2193) nor with Venezuelanmembers of the genus. The major envelope proteins (E1
equine encephalitis virus (VEE) (3). BFV has been classi-and E2) of the prototype BH2193 have different molecular
fied as the sole known member of a seventh alphavirusweights (56 and 43 kDa, respectively) to the correspond-
serocomplex (4).ing proteins of Sindbis (SIN), Ross River (RRV), and Sem-
BFV has been recovered from a range of mosquitoliki Forest (SFV) viruses (2). Complement fixation and
species in diverse tropical and temperate ecosystemsplaque-reduction neutralisation tests provide no evi-
on the Australian mainland. As for RRV, the primary verte-dence for a serological relationship between BFV and
brate hosts seem to be mammals rather than birds (5,any of the tested alphaviruses, including RRV, SFV, and
6). Human infection occurs throughout Australia, particu-SIN (2). In haemagglutination inhibition (HI) tests, BFV
larly in the coastal regions (7–10). The first human isolatehaemagglutinin is related to SIN in a one-way cross-
was obtained in 1989 (9). A significant proportion of cur-
rent cases of polyarthritis and rash in Australia is due toThe nucleotide sequence data reported in this paper have been
BFV infection (7, 9, 11, 12). Although the clinical picturesubmitted to the GenBank nucleotide sequence database and have
can be confused with that caused by RRV, serologicalbeen assigned the Accession No. U73745.
1 Current address: Division of Immunology and Cell Biology, John diagnosis of primary BFV infection is unambiguous (12).
Curtin School of Medical Research, The Australian National University, In this communication we present the complete se-
Canberra, ACT 0200, Australia. quence of the BFV genome RNA, define the phylogenetic2 Current address: Queensland Institute of Medical Research, 300
relationship between BFV and other alphaviruses, andHerston Road, Brisbane, Qld 4029, Australia.
identify unusual features of the BFV envelope protein E23 To whom correspondence and reprint requests should be ad-
dressed. Fax: 61-6-249-0313. E-mail: Lynn.Dalgarno@anu.edu.au. and of the 3* noncoding region (NCR) of the RNA.
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by l exonuclease digestion of the phosphorylated minus-
strand. Sequencing reactions were with primers comple-
mentary to the following regions of the genome (nucleo-
tides are numbered from the 5* terminus): 5496–5511,
7477–7493, 7811–7827, 8125–8141, 8431–8447, 8782–
8797, 9106–9122, 9400–9416, 9727–9742, 10060–
10075, 10339–10355, 10618–10634, 10879–10895, and
11190–11207. Three additional oligonucleotides corre-
sponding to sequences 4866–4882, 7272–7288, and
9358–9373 were used as forward primers in PCR.
Approximately 60% of the sequence data was obtained
from more than one cDNA clone. Another 30% was de-
rived from cDNA generated by RT–PCR. Differences be-
tween clones were found at three positions: nt 4940 (U
in clones 69, 180, 223; C in clone 190), nt 5090 (U in
clone 69; C in clones 112, 143, and 180), and nt 5447 (A
in clones 22, 135; C in clones 112 and 143). The differ-
ence at nt 5447 altered the UGA codon at the 3* terminus
of the nsP3 gene to an UGC codon encoding cysteine.
Sequence analysis of cDNA generated by RT–PCR from
uncloned virus and from five independently plaque-puri-
fied virus clones showed A at position 5447, suggesting
that the majority of genomes contained the UGA codon.
FIG. 1. Sequencing outline for BFV genomic RNA. (A) Schematic of Sequence data for the structural protein genes were ob-
the BFV genome. Boxes (drawn to scale) indicate coding regions for tained using PCR-amplified cDNA templates; confirma-
nonstructural and structural proteins; horizontal lines indicate noncod- tion was by performing all sequence reactions on two
ing regions. Solid triangles indicate UAG stop codons and the open
independently amplified cDNA templates.triangle a UGA codon. The scale in kilobases is indicated. (B) BFV
For sequencing the 3* NCR, RT–PCR was performedcDNA clones used for sequence analysis. The direction and extent of
sequence obtained for each clone is indicated. (C) Regions of BFV using an oligo(dT) 16-mer as the reverse primer and a
genome amplified by RT–PCR for sequence analysis. 17-mer (nucleotides 10933–10948) from the 3* terminus
of the E1 gene as forward primer. Both primers were
phosphorylated and the DNA product (0.45 kb) gel-puri-The prototype isolate (BFV BH2193) was passaged
twice in suckling mouse brain and cloned by two plaque fied for cloning into pGEM-5Zf(/). Recombinants were
selected by blue–white screening in Escherichia colipurification steps on Vero cells. A cDNA library was gen-
erated from genomic RNA (13). pGEM-4Z (Promega) was DH5a transformants. The 5* terminal sequence was de-
termined by incubating viral RNA with tobacco acid pyro-used as the cloning vector. The termini of inserts were
sequenced and computer-translated; identities between phosphatase, followed by ligation of the 5* and 3* RNA
termini with RNA ligase (Epicentre Technologies). Li-deduced amino acid sequences and those of other
alphaviruses allowed the alignment of 20 cDNA clones gated RNA was reverse transcribed at 507 using AMV
reverse transcriptase and a primer complementary to the(0.4–2.5 kb) on the genome (Figs. 1A and 1B). Most
clones represented nonstructural protein (nsP) genes; 5* end of the nsP1 gene (nucleotides 144–160). PCR was
then performed with the same primer and the forwardonly two clones (79 and 84) mapped to the structural
protein genes; no clones were isolated in the 6K region. primer used above for amplification of the 3* NCR. The
DNA product (0.5 kb) was gel-purified and cloned intoFor sequencing nonstructural protein genes, plasmid
DNA was denatured with NaOH and precipitated with pGEM-4Z. To locate the 5* terminus of the 26S RNA on
the genome, primer extension was performed on totalethanol; sequencing reactions were performed with M13
forward and reverse primers and T7 DNA polymerase; RNA from infected BHK cells using AMV reverse tran-
scriptase and a primer complementary to nucleotidesregions affected by compressions were sequenced using
deaza G/A sequencing mixes. Apart from sequence data 7477–7493. Sequence data were analysed using the
DNA Strider Program (15). Programs from the Australianobtained with clones 79 and 84, the structural protein
genes were sequenced using reverse-transcription/poly- National Genomic Information Service (ANGIS) were
used for analysis of RNA secondary structures (Foldrna,merase chain reaction (RT–PCR) on infected Vero cell
RNA (14). RT–PCR was with forward and reverse primers stem and loop), multiple sequences (pileup) (16), and
alphavirus phylogenetic relationships (Clustal W) (17).which flank the structural protein genes (Figs. 1A and
1C). By using a phosphorylated reverse primer during The BFV (BH2193) genome is 11,488 nucleotides in
length excluding the poly(A) tail. The base compositionPCR, plus-sense DNA was generated from PCR products
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TABLE 1is 24% G, 24% C, 30% A, and 22% U. The 5* and 3* NCRs
are 62 and 445 nucleotides in length, respectively. The Sizes of Nonstructural and Structural Proteins of Barmah
genome RNA encodes 3650 amino acids. There are two Forest Virus and Ross River Virusa
open reading frames (ORFs) in the RNA. An initiation
BFV RRVcodon at residues 63–65 is preceded by the consensus
sequence CCAAA (18) and followed by an ORF of 7233
Nonstructural proteins
nt. This ORF is interrupted by an opal termination codon nsP1 533 (60) 533 (60)
which is followed immediately by a C residue; these 4 nsP2 798 (89) 798 (90)
nsP3 470 (52) 531 (58)nucleotides are a signal for occasional translational read
nsP4 610 (68) 611 (69)through in Sindbis RNA (19). Thus, by analogy with other
Structural proteinsalphaviruses, translation of this ORF generates the poly-
C 253 (28) 270 (30)
protein nsP1-nsP2-nsP3. Following the opal codon the E3 68 (7.5) 63 (7.4)
same ORF continues through the nsP4 gene. Translation E2 421 (46) 422 (46)
6K 58 (6.5) 60 (5.9)of the nsP4 gene terminates at a UAG codon and is
E1 439 (48) 438 (48)followed by a second in-phase UAG in the junction re-
gion. Translation of the BFV genome RNA is predicted to a Size in numbers of amino acids and in kilodaltons (in brackets) of
generate two nonstructural polyproteins: a major product BFV and RRV nonstructural and structural proteins predicted on the
(nsP1-2-3) 1794 residues in length and a minor product basis of nucleotide sequence of the genome assuming conservation
of proteolytic cleavage sites.(nsP1-2-3-4) 2411 residues in length, generated by occa-
sional readthrough at the opal codon. In this respect BFV
is similar to RRV, SIN, EEE, and VEE but differs from SFV
and O’nyong-nyong (ONN). CS3 in the negative strand is the promoter for subgeno-
mic RNA synthesis (20). (iv) The 3* end of BFV RNA car-The subgenomic RNA has a 5* NCR of 51 nucleotides
and is 4213 nucleotides in length excluding the poly(A) ries a 23-nucleotide stretch (CS4) adjacent to the poly(A)
tail. There is one difference between BFV and RRV CS4s;tail. The subgenomic RNA is encoded in a region of the
genome which starts 32 nucleotides downstream of the the CS4 sequences of SIN, VEE, EEE, ONN, and Mayaro
viruses are identical at all but one position, but thereORF encoding the nonstructural polyprotein. It encodes
a polyprotein of 1239 amino acids which is processed is variation between BFV, MID, SFV, and SIN (3 to 7
nucleotides). CS4 is implicated in minus-strand synthe-to generate C, E3, E2, 6K, and E1; this polyprotein is
translated in the plus one reading frame relative to the sis (21).
Cleavage sites in the BFV polyproteins were deducednonstructural proteins.
The genomes of other sequenced alphaviruses have from amino acid sequence homologies with other alpha-
viruses and from N-terminal amino acid sequence analy-four characteristic nucleotide sequence elements (CS1–
CS4) which are important in replication (20). BFV RNA sis of purified BFV E1 and E2 (2). For alphaviruses gener-
ally, the carboxy-terminal residue at the cleavage site iscarries analogues of all four conserved elements. (i) A
sequence of 46 nucleotides corresponding to CS1 is an amino acid with a small side chain (alanine, cysteine,
or glycine). For BFV this is observed at the nsP2/nsP3found in the 5* NCR of BFV genomic RNA; this sequence
can form a double stem-loop structure of similar stability and nsP3/nsP4 cleavage sites but not at the nsP1/nsP2
site where a glutamate residue is found. The predictedto that found in other alphavirus genomes (data not
shown) but shows no significant sequence identity with sizes and molecular weights of the BFV (and RRV) struc-
tural and nonstructural proteins are given in Table 1. Theother alphavirus 5* sequences. (ii) CS2 is a stretch of 51
nucleotides in the alphavirus nsP1 gene; it may form a sizes of the unglycosylated forms of C, E3, E2, 6K, and
E1 are close to those for other alphaviruses except forcopromoter for initiation of minus-strand synthesis on the
plus-strand template. BFV CS2 is at nucleotides 158– the C protein, which is 253 residues in length (258–275
residues for other alphaviruses; ref. 20). BFV nsP1, nsP2,208 in the nsP1 gene. The divergence between BFV and
SIN CS2 elements is 23% compared with 6–12% between and nsP4 are virtually the same size as the correspond-
ing proteins in RRV and other alphaviruses. BFV nsP3 isSIN and other alphaviruses. The 3* half of BFV CS2 is
able to form a relatively stable stem-loop structure (data relatively small due to the size of the nonconserved C-
terminal stretch: 146 residues for BFV compared with anot shown) as in other alphavirus RNAs (20). (iii) BFV
RNA has a 24-nucleotide element (CS3) in the ‘‘junction range of 158–246 residues for other alphaviruses (20).
The hydropathy profiles of the various BFV structural pro-region’’ between the genes encoding the nonstructural
and structural proteins. CS3 includes the last few codons teins are similar to those of RRV and SIN (data not
shown). There are 39 cysteine residues in E1, E2, andof the nsP4 gene and 5 nucleotides corresponding to the
5* end of the BFV subgenomic RNA. BFV CS3 is identical E3; 34 of these are conserved. E1 has a hydrophobic
stretch of 17 amino acids (residues 80 to 96) which isto SIN CS3 but differs from the RRV and SFV sequences
at 3 and 5 residues, respectively. The complement of conserved with other alphaviruses. The capsid protein
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TABLE 2 fore no evidence for recombination between ancestral
viruses in the coding region of the genome. Figure 2 isPercentage Identities between Nonstructural and Structural
a phylogenetic tree showing the relationship among BFV,Proteins of Alphavirusesa
EEE, VEE, WEE, SIN, CHI, ONN, SFV, and RRV based on
EEE VEE RRV SFV ONN BFV SIN comparisons of the structural proteins. BFV is an outlier
in a group which includes RRV, SFV, CHI, and ONN.
EEE 69 60 61 59 59 57
These five viruses belong to an evolutionary branchVEE 58 60 60 58 58 57
which differs from that giving rise to SIN, WEE, EEE,RRV 48 46 74 69 64 61
SFV 48 46 75 70 64 62 and VEE. The relationship established using the Clustal
ONN 48 46 52 61 63 59 program is consistent with the data obtained in pairwise
BFV 47 44 56 56 52 59 comparisons of amino acid sequences.
SIN 49 47 47 46 43 45
In a previous study (2) we showed that BFV has un-
usual properties for an alphavirus since it shows littlea Percentage identity was determined from pairwise comparisons of
amino acid sequences of structural proteins (bottom left of table) and serological cross-reaction with other alphaviruses and
nonstructural proteins (top right of table) for seven alphaviruses. Se- has envelope proteins with molecular weights of 43 K
quence data were from references 31 and 32 (EEE), 33 (VEE), 13 and (E2) and 56 K (E1) as opposed to 49–52 K for E1 and
34 (RRV), 35 and 36 (SFV), 37 (ONN), and 38 and 39 (SIN).
E2. The relatively low molecular weight of BFV E2 is
explained by the absence of any N-linked glycosylation
sites in the polypeptide; this was confirmed in studieshas a hydrophilic, nonconserved N-terminal region (resi-
dues 1 to 86) and a conserved carboxy-terminal region with N-glycosidase. The virion polypeptides of a further
six BFV isolates from New South Wales, Queensland,including the serine proteinase catalytic triad: His131,
Asp153, and Ser205. In the carboxy-terminal half of the Victoria, and the Northern Territory have been examined
and all show the same molecular weights as the proto-capsid protein, cysteine residues are conserved between
BFV, CHI, ONN, RRV, and SFV but not between BFV, SIN, type (data not shown).
The experimentally determined molecular weight ofWEE, EEE, and VEE (data not shown).
BFV E2 has no asparagine-linked glycosylation sites. mature, virion-associated BFV E1 (56 K) is also unusual,
being high relative to that seen in other alphavirusesBFV is therefore unique among sequenced alphaviruses
which have two (RRV, SFV, SIN, EEE) or three (CHI, VEE) including SIN (50–52 K) (2). The deglycosylated form of
BFV E1 is similar in predicted molecular weight to thatpotential N-linked glycosylation sites in E2. BFV E1 has
two N-linked glycosylation sites at positions 141 and 209. seen in other alphaviruses. BFV E1 differs from all alpha-
viruses other than SIN in having two N-linked glycosyla-Residue 141 is a conserved E1 glycosylation site. The
electrophoretic mobilities of virion proteins from BFV, tion sites (at residues 141 and 209) (the second SIN site
is at residue 245). A glycosylation site at residues 134,SFV, and RRV digested with N-glycosidase F were con-
sistent with the absence of N-linked oligosaccharide on 139, or 141 is conserved in other alphaviruses. The un-
usually low mobility of BFV E1 could be explained if BFVBFV E2 and its presence on SFV and RRV E2 and on BFV
E1 (E. Lee and P. Hansbro, unpublished data). BFV E3 E1 were more heavily glycosylated than is E1 in other
alphaviruses. However N-glycosidase F digestion of BFVcarries a single N-linked site; the BFV 6K protein is not
glycosylated. lowered the molecular weight of E1 to 53 K (data not
shown). Similar treatment of SIN and RRV gave molecularThe percentage of amino acid sequence identity be-
tween BFV and other alphaviruses was determined in weights for E1 of 49 K and 51 K, respectively (unpublished
pairwise comparisons for the nonstructural and struc-
tural proteins of BFV, EEE, VEE, RRV, SFV, ONN, and SIN
(Table 2). For the nonstructural proteins, the degree of
identity between BFV and other alphaviruses is 58–64%;
the SFV and RRV nonstructural proteins are 64% identical
with BFV nonstructural proteins. For the structural pro-
teins the identity is 44–56%; SFV and RRV structural pro-
teins are 56% identical with the BFV structural proteins.
Thus BFV is most closely related to SFV and RRV among
the sequenced alphaviruses. However, SFV and RRV are
more closely related to each other than either is to BFV,
being 74 and 75% identical in their nonstructural and
FIG. 2. Alphavirus phylogenetic tree based on structural protein se-structural proteins, respectively.
quences. Structural protein sequences of nine alphaviruses were re-
The percentage of identity between BFV and other lated using Clustal W (17). Branch lengths are drawn to scale. Se-
alphaviruses is relatively uniform along the length of the quence data are from references 34 (RRV), 35 (SFV), 33 (VEE), 39 (SIN),
31 (EEE), and from GenBank (Accession No. L37661; 1994) for CHI.nonstructural and structural polyprotein. There is there-
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FIG. 3. Schematic representation of BFV, RRV, and GET 3* noncoding regions. (A) Distribution of repeat sequences in the 3* NCR. Shaded boxes
indicate repeats present in all three alphaviruses; open boxes are repeat elements found in BFV alone. For RRV and GET, sequence differences
within the stretch between repeat I and the poly(A) tail are indicated by vertical lines. Numbering is in the 5* direction from the nucleotide adjacent
to the poly(A) tail (a C residue); a gap in the GET sequence exists adjacent to the poly(A) tail. (B) Sequences of repeat blocks in the 3* NCRs. Dots
represent identical nucleotides; gaps are introduced to maximize homology. Data for RRV and GET are from ref. 28.
data). We conclude that factors other than the amount of excluding the poly(A) tail. The base composition is 40%
A, 29% U, 13% C, and 18% G. The 3* NCR carries twoN-linked oligosaccharides account for the relatively low
electrophoretic mobility of mature BFV E1. The possibility sets of sequence repeats (Fig. 3A). Repeats I and Ia are
both 48 nucleotides in length and are similar in sequencethat O-linked glycosylation was responsible was consid-
ered unlikely since the number of putative O-linked glyco- to repeats in the 3* NCRs of RRV and Getah virus (GET)
RNAs (Fig. 3B). (GET is a close serological relative ofsylation sites (22) is similar between BFV and SIN E1
proteins (data not shown). RRV; ref. 25). The percentage of identity between GET
repeats I and Ia and BFV repeat I is 80 and 90%, respec-Phylogenetic trees obtained from comparisons be-
tween both nonstructural and structural protein se- tively; RRV repeats I and Ia show 73 and 88% identity,
respectively, with BFV repeat I. No homology exists be-quences indicate that BFV, SFV, RRV, ONN, and CHI
viruses arise from a separate evolutionary branch to that tween BFV repeat I and repeats in the 3* NCRs of other
alphaviruses including an Australian isolate of SIN (26).giving rise to SIN, WEE, EEE, and VEE. It is intriguing
that BFV shows so little cross-reaction in complement The distance between the 3* end of repeat I and CS4 is
identical for BFV and RRV, apart from two deletions infixation and neutralisation tests with viruses on its own
evolutionary branch (e.g., with SFV and RRV; ref. 2). It is RRV with respect to BFV; sequence identity between BFV
and RRV is 85% in this region. The corresponding figurealso of note that BFV cross-reacts (one way) in HI tests
with SIN (2), which is on the other evolutionary branch. in comparisons of GET with BFV and of GET with RRV
is 79% in each case (Fig. 3B). The relative positions of(Interestingly, both BFV and SIN, unlike other alphavi-
ruses, have two glycosylation sites in E1). Serological sequences I and Ia are virtually identical for BFV and
GET, although not for BFV and RRV. The second repeatrelationships are thus a poor guide to the sequence rela-
tionships and phylogeny of BFV. element in BFV (sequences II and IIa) is 47 nucleotides
in length and has no homology with sequence I or withAll sequenced alphaviruses contain repeat elements
of 40–60 nucleotides in the 3* NCR (23, 24). The number, repeats in the 3* NCR of other alphaviruses.
Different genetic variants of RRV (27) carry betweenlength, and precise sequence of these elements differ
between alphaviruses. These repeats may be involved one and four copies of such repeat elements (28). Getah
virus has three copies of a repeat which is closely similarin regulating viral RNA translation by binding to a cellular
protein (20). The 3* NCR of BFV BH2193 is 445 nt long to that seen in RRV (28). BFV is unusual in that it has
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